Transparent conductive electrodes (TCEs) are an essential component in modern optoelectronic devices, such as touch panels, LCDs, OLEDs, and solar cells. Indium tin oxide (ITO), due to low sheet resistance and high transmittance, is still the dominant material for TCEs. However, its brittle nature and high cost hinder its future application in flexible devices, e.g., flexible displays, thin film solar cells, E-paper. Recently, patterned Ag-meshes have attracted wide attention from both academia and industry due to their excellent conductivity. Nevertheless, the transmittance is determined by gap area and restricts the further improvement of conductivity. This study proposes a novel approach to enhance the transmittance of Ag-mesh electrodes by moth-eye nanostructures which can be fabricated by double- 
Introduction
Transparent conductive electrodes (TCEs) are an essential component in modern optoelectronic devices, such as touch panels, light-emitting diodes (LEDs) and solar cells, which require high optical transparency and high electrical conductivity, simultaneously.
1-3 Indium tin oxide (ITO) has been studied for over y years and is widely used in industry due to its low sheet resistance and high transmittance. 4, 5 However, the brittle nature and high cost of the doping process pose potential challenges for future exible device applications. 6 Therefore, the development of alternative materials for future exible device applications has caused the interests from both academia and industry. Different types of novel TCEs, including metal mesh, conductive nanowire, conductive polymers, carbon nanotubes, graphene, etc., have been reported successively. [7] [8] [9] Among them, patterned silver (Ag)-mesh TCEs have exhibited high performance and show potential for commercialization in the near future.
10,11
To obtain the Ag-mesh TCEs, a large number of fabrication technologies have been proposed and developed in the past few years. Hu et al. 12 reviewed various methods to fabricate the metal nanogrids for TCEs. Guo et al. 13 pioneered nanoimprint lithography (NIL) for the fabrication of various metals and substrates and demonstrated excellent performance in the applications of solar cells and LEDs. Besides, they have developed large area continuous imprinting of nanogrids using their apparatus which was capable of roll-to-roll (R2R) printing on exible web and roll-to-plate (R2P) printing on rigid substrates.
14 Han et al. 15 have fabricated the metallic networks TCEs based on the "cracked" gel lm method. The fabrication process of metallic network TCEs mainly included four steps: synthesis and deposition of the TiO 2 lm (as a template lm), self-cracking, metallic lm deposition, and template lm li-off process. Besides, Kang et al. 16 have adopted the capillary assembly of Ag nanoparticles along patterned nanogrid templates to fabricate the periodic Ag nanogrid electrodes. By using the high-aspect-ratio nanogrid template, the TCEs with high-aspect-ratio nanogratings can be obtained. Jin et al.
17
adopted super-aligned carbon nanotubes as etching masks and fabricated large area nanoscale metal meshes. Since the metal meshes were fabricated as an integrated material, there was no junction resistance between the interconnected metal nanostructures, which markedly lowered their sheet resistance at high temperatures. Therefore, the metal meshes exhibited compatible performance in terms of optical transmittance and sheet resistance. Moreover, Huang et al. 18 and Yao et al. 19 have developed R2R apparatus for the high-throughput and highaccuracy fabrication of metal mesh electrodes. However, the advantage of patterned Ag-mesh results from the increased transparency relative to a continuous metal sheet since the area between grid lines is 100% transparent. The enhancement of transmittance comes at the price of an increase in sheet resistance which in turn depends on the width and spacing of mesh grids. Therefore, it is still a big challenge to improve the transmittance without increase of sheet resistance.
The moth-eye nanostructures are nipple arrays, typically of nano-scale height and diameter, which can reduce the reec-tivity and increase the light transmission of the optoelectronic devices. [20] [21] [22] More detailly, the moth-eye nanostructure arrays can make the refractive index (RI) of the surface layer vary gradually from air to substrate and therefore effectively suppresses the reectance caused by the large refractive index discontinuity at the interface of two media. As a result, the moth-eye pattern has been applied in the solar cells successfully to enhance the light efficiency. [23] [24] [25] [26] [27] Boden et al. 23 have optimized the moth-eye pattern using rigorous coupled wave analysis and applied it in the silicon solar cells, including a laboratory cell (air-silicon interface) and an encapsulated cell (EVA-silicon interface). Han et al. 25 fabricated a nanometer scale dot-pattern array by nano-imprint lithography process to reduce the reection on the surface of GaInP/Ga(In)As/Ge solar cells. Rahman et al. 28 have obtained highly regular surface nanotextures using the block copolymer self-assembly and plasma etching process. The size of fabricated nanotextures was in the range of 10-70 nm and could efficiently enhance the broadband antireection in silicon solar cells. Zhou et al. 27 reported an approach of optical manipulation of light by integrating a dualside bio-inspired moth's eye nanostructure with broadband anti-reective and quasi-omnidirectional properties. They observed that light out-coupling efficiency of OLEDs with stacked triple emission units was over 2 times of conventional one, resulting in drastic increase in external quantum efficiency and current efficiency. Murthy et al. 29, 30 investigated the fabrication and performance of broadband and omnidirectional antireective polymer foils, in the visible spectrum (400-800 nm), which were fabricated by a high throughput roll-to-roll extrusion coating process. Although the moth-eye nanostructure array has been partially applied in the solar cells, its application in Ag-mesh TCEs for transmittance improvement has not been reported and the effects on Ag-mesh layer aer the addition of the moth-eye nanostructure has not been investigated.
The Ag nanowire TCEs and Ag particle mesh TCEs are the most promising TCEs with potential for commercialization in the near future. 31 The Ag particle mesh TCEs without moth-eye nanostructures that reported in our previous work show advantages in high-conductivity due to the direct metallic mesh patterning. 32 However, the transparency of the thin-lm was compromised due to the opacity of Ag-mesh. In order to develop a high-conductivity and high transparency TCEs thin-lm, for the rst time, the moth-eye pattern was introduced into the TCEs, which was based on the Ag nanowire and one-sided R2R NIL process. 33 However, some disadvantage may exist in the Ag nanowire TCEs, such as poor binding force between the substrate and Ag nanowires. Therefore, the Ag particle mesh TCEs have been widely investigated, with Ag-mesh limited into the polymer structures. In this study, we report the development of Ag particle mesh TCEs with moth-eye nanostructures using the double-sided R2R NIL process. Through the double-sided R2R NIL process, the Ag-mesh structures and moth-eye nanostructures can be obtained simultaneously by one-step imprinting, which is very efficient. Firstly, nickel (Ni) mold and Anodic Aluminium Oxide (AAO) mold are developed for Agmesh girds and moth-eye nanostructures, respectively. A double-sided R2R NIL system is established and the novel Agmesh electrodes with moth-eye nanostructures have been fabricated. Sheet resistance, transmittance and exibility performance have been evaluated systematically. This research aims to provide a new way for the transmittance improvement without increase of sheet resistance.
Experimental

Materials
Polyethylene terephthalate (PET) lm, due to the characteristics of high transparency, good mechanical exibility and low cost, has been selected as the substrate of exible TCEs. The PET lm with the thickness of 125 mm is produced by Jiangsu Kangde Xin Composite Material Co., Ltd. and the transmittance is 89% at the light wavelength of 550 nm. It should be pointed out that the lm transmittance is not the highest one and might be improved with the decrease of lm thickness. UV-curing resin LANG89A, provided by the same company, was a radical curing system resin and used for the fabrication of the polymer meshes and moth-eye nanostructures. The viscosity of UV resin is 322.3 cps. The Ag particle paste was purchased from NANO TOP Co., Ltd., which had an average particle diameter of 100 nm and 85% silver contents weight. The viscosity of Ag paste is 3500 cps which is much higher than UV resin.
Mold fabrication
As shown in Fig. 1 , the Ni mold for polymer meshes fabrication was obtained using the laser lithography technique and electroplating process. 34 Briey, in the laser lithography process, a layer of photoresist AZ4562 with the thickness of about 10 mm was spin coated on the glass substrate. Aer that, the photoresist layer was baked at the temperature of 95 C for 25 min and then exposed in the Heidelberg DWL 66+ laser directwriting system. The width and depth of narrow channels can be veried by adjusting the laser power and writing speed in laser scribing process. Finally, the master mold was transferred to Ni mold by electroplating process. In this study, the width and height of the gratings on the fabricated Ni mold were 7.3 AE 0.3 mm and 2.9 AE 0.1 mm, respectively. The mold for moth-eye nanostructures fabrication was obtained by the AAO process, which was a cost-effective method for the nano-scale mold fabrication compared with the lithography-based method. And the nanopores with different diameters and depths can be obtained through the AAO process. The anodization process was carried out in 2 vol% phosphoric acid solution at 10 C under the constant voltage of 120 V for 200 s each time with appropriate magnetic stirring. Aer anodization, the sample was dipped in 5 vol% phosphoric acid at 30 C for 12.5 min to widen the holes. In this experiment, the AAO mold used for the fabrication of moth-eye nanostructures was about 90 nm in diameter, 100 nm in pitch, 180 nm in depth and 2 Â 2 cm in area. Finally, the Ni mold for polymer meshes and AAO mold for moth-eye nanostructures was wrapped onto the forming roll in the R2R NIL system.
Fabrication of novel TCEs by R2R NIL process
A R2R UV-NIL system had been developed to fabricate micro/ nano-scale structures continuously, which was suitable for both one-sided and double-sided imprinting, as described detailly in the previous literature. 35 Two different kinds of exible Ag-mesh TCEs were fabricated in this research to compare the difference in transmitting performance, the TCEs with and without motheye nanostructures. Fig. 2 showed the schematic diagram for fabrication of exible Ag-mesh TCEs with and without moth-eye nanostructures. The exible Ag-mesh TCEs without moth-eye nanostructures was accomplished by the one-sided R2R UV-NIL process and doctor blading of the Ag paste into the polymer meshes. The exible Ag-mesh TCEs with moth-eye nanostructures was accomplished by a double-sided R2R UV-NIL process and doctor blading of the Ag paste into the polymer meshes. Both the two kinds of exible Ag-mesh TCEs were produced by one-step imprinting, which was cost-effective and high-throughput. In this experiment, the imprinting process was carried out with feeding speed 0.5 m min
À1
, imprinting pressure 6 kg cm
À2
, tension force 12.5 kg and mold temperature 35 C.
The cured Ag meshes were eventually obtained aer heated in an oven at the temperature of 135 C for 30 minutes and then the Ag residual layer on the polymer surface was removed to improve the transparency of the electrodes by immersing the Ag meshes in nitric acid solutions (15 vol%) for 2 minutes.
Characterization
The polymer meshes were measured by a KEYENCE VK-X 200 laser confocal scanning microscopy. Atomic force microscope (AFM) images for the moth-eye nanostructures were obtained using a nanoscope scanning probe microscope (Dimension fast scan, Bruker, America) under ambient conditions. The scanning electron microscope (SEM) images for Ag-mesh TCEs were obtained using Zeiss Ultra Plus eld emission scanning electron microscope with an electron energy of 5 kV. The sheet resistance were measured by using the four-probe technique with Loresta AX four point probe resistance meter MCP-T370. The transmittance spectra were recorded using a spectrophotometer (Shimadzu UV3600, Shimadzu, Japan) combined with an integrating sphere for the 400-800 nm wavelength range.
Results and discussion
Structure and dimension Fig. 3 presented the imprinting results of polymer meshes on the exible PET substrate. As presented in Fig. 3(a) and (b), the polymer meshes showed excellent uniformity in the structures. The section analysis of the microscope images was used to measure the geometric parameters quantitatively and the width on the top surface was chosen as the width of the polymer meshes. The concave microchannels were 7.2 AE 0.3 mm in width and 2.8 AE 0.1 mm in depth, respectively, as shown in Fig. 3(c) . The AFM images were used to analyse the moth-eye nanostructures, which could provide structural parameters of motheye nanostructures conveniently. Fig. 3(d) and (e) showed the 3-dimensional AFM images of the moth-eye nanostructures imprinted by the double-sided R2R UV-NIL process on the other side of the PET substrate. As shown in Fig. 3(e) , the depth analysis of the AFM images was used for the height characterization of the moth-eye nanostructures and the maximum height values were chosen as the forming height of the motheye nanostructures. Herein, the diameter and height of the moth-eye nanostructures were 86.9 AE 2.3 nm and 165.2 AE 5.6 nm, respectively. Both for the polymer meshes and the moth-eye nanostructures, the values reported were averaged over different areas of the samples for at least ve measurements.
Aer the fabrication of polymer meshes and moth-eye nanostructures, the Ag particle paste was then coated on the concaves of polymer meshes to achieve conductive performance. In this experiment, a two-step doctor blading process was adopted to fully ll the polymer meshes with the Ag particle paste. Aer the rst doctor blading, the Ag meshes was preheated in the oven at 135 C for 3 min and then the second doctor blading followed. The cured Ag meshes was eventually obtained aer heated in an oven at the temperature of 135 C for 30 minutes. As shown in Fig. 4 , the Ag particle paste was doctor bladed into the polymer meshes perfectly.
Sheet resistance
Basically, exible TCES should have good conductivity to meet the requirements of low power density and rapid response time for optoelectronic applications. In this study, the average sheet resistance of the exible Ag mesh TCEs was 22.6 AE 1.5 U sq À1 , which was averaged over different areas of the samples for at least ten measurements. According to the public reports, the sheet resistance value can meet the requirements for the largearea displays. 11, 12 In conclusion, good electrical conductivity was accomplished for the exible Ag-mesh TCEs in batch fabrication mode, which was obtained by the cost-effective and highthroughput R2R NIL process.
Transmittance improvement
As one of the main performance criteria for the TCEs, high optical transmittance was also very critical.
36 Fig. 5(a) compares the transmittance of the exible Ag-mesh TCEs with and without moth-eye nanostructures, which is measured by the spectrophotometer at incident angles 8 . It is obvious that the transmittance has been increased aer attaching moth-eye nanostructures. As the commonly used wavelength for visible light, 37,38 the optical transmittance at wavelength of 550 nm was 81.4% and 85.9% for Ag-mesh TCEs without and with moth-eye nanostructures, respectively. An increase about 4.5% in transmittance was accomplished by attaching moth-eye nanostructures. Further, in order to investigate the omnidirectional performance of the moth-eye nanostructures, transmittance at different incident angles 0 , 10 , 30 , and 50 were measured by Fig. 4 The SEM images of the Ag meshes fabricated by the R2R UV-NIL process. the variable angle spectroscopic ellipsometer (W-VASE with AutoRetarder™, America). As shown in Fig. 5(b) , the transmittance at different incident angles 0 , 10 , 30 , and 50 show no obvious changes within the spectral ranges of 400-800 nm. Meanwhile, the average sheet resistance of exible TCEs with moth-eye nanostructures was also measured, which was 22.8 AE 1.3 U sq
À1
, and nearly no changes were observed in the sheet resistance aer the addition of moth-eye nanostructures. According to the experimental results, the addition of moth-eye nanostructures for Ag-mesh TCEs could signicantly improve the transmittance performance while remaining the high electrical conductivity, which could provide a general strategy of preparing hetero-layers for the construction of highperformance electronic thin lms for future exible optoelectronics.
Flexibility performance
To be used in the future exible optoelectronic devices, the Agmesh TCEs should retain superior electrical conductivity and optical transmittance even aer mechanical deformation. In this research, the sheet resistance and optical transmittance of the Ag-mesh TCEs with moth-eye nanostructures under different bending radii and different bending cycles were measured to evaluate the exibility performance. Different bending cycles were accomplished through the screw system, stepping motor, and single-chip microcomputer control, which was presented in the previous literature. 39 Moreover, both tensile test and compressive test were carried out in this study, as shown in Fig. 6(a) and (b) . Fig. 6(c) showed the sheet resistance of Ag-mesh TCEs with moth-eye nanostructures under different bending radii and different bending cycles. It is obvious that, for the bending radius of 10 mm, the sheet resistance showed no obvious differences both in the tensile test and compressive test. Only a slight increase in the sheet resistance was observed aer 1000 bending cycles and this indicated that the Ag-mesh TCEs with moth-eye nanostructures could retain superior electrical conductivity with larger bending radius, which was 10 mm in this experiment. The slight increase in sheet resistance might be attributed to the partial damage to the Ag meshes. 17, 40 Similarly, for the compressive bending radius of 3 mm, no noticeable change in sheet resistance was also observed aer 1000 bending cycles. However, for the tensile bending radius of 3 mm, the noticeable change was observed, which might be attributed to the crack of Ag meshes aer mechanical deformation. [40] [41] [42] [43] As shown in Fig. 6(d) , the optical transmittance of the Ag-mesh TCEs with moth-eye nanostructures nearly remained unchanged under different bending radii and different bending cycles, indicating the moth-eye nanostructures were not damaged during the bending tests. Besides, a similar variation in the sheet resistance and optical transmittance of Ag-mesh TCEs without moth-eye nanostructures was also observed, which was not displayed in this research.
Conclusions
Transparent conductive electrodes require high transmittance and low sheet resistance for large-scale optoelectronic devices. How to improve the transmittance without increase of sheet resistance is a big challenge for both academia and industry. This study proposed a novel approach to enhance the transmittance of Ag-mesh electrodes by integration of moth-eye nanostructures on the other side. The exible Ag-mesh TCEs with moth-eye nanostructures were obtained by a one-step double-sided R2R UV-NIL process and scraping of the Ag paste into the polymer meshes. Sheet resistance, transmittance and exibility performance have been evaluated systematically. The optical transmittance at wavelength of 550 nm was improved from 81.4% to 85.9% for Ag-mesh TCEs due to the effect of moth-eye nanostructures. The sheet resistance remained at 22.8 AE 1.3 U sq À1 and no obvious change has been observed due to the addition of moth-eye nanostructures. Besides, the bending tests indicated that the novel Ag-mesh TCEs with moth-eye nanostructures exhibited good exibility performance. This research might provide a new approach for the large-scale and high through-output fabrication of hightransparency exible Ag-mesh electrodes. It should be pointed out that the transmittance of Ag-mesh TCEs with moth-eye nanostructures might be improved further by optimizing the moth-eye nanostructures and adopting thinner substrate with higher transmittance in the future.
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